Interactions between Arc Discharge single walled carbon nanotubes within polymer composites have been well documented. Here hybrid systems of the conjugated organic polymer poly (p-phenylene vinylene-co-2,5-dioctyloxy -mphenylene vinylene) (PmPV) and carbon nanotubes produced by Gas-Phase Decomposition of CO (HiPco) process are explored using Raman spectroscopy. Laser excitation wavelengths of 514.5nm and 633nm are employed to determine the specific nature of interaction. Also presented at laser energies 1.96eV and 2.4eV, are hybrid systems of Arc Discharge SWNTs at similar mass fractions to enable a direct comparison of solubility of each nanotube type within the polymer composite to be made. Comparisons are also made between the two hybrid systems in relation to range of nanotube diameters selected at 514.5 and 633nm.
from solution has been used to identify the diameter range of tubes in the composite. Laser excitation wavelength of 633nm and 514.5nm were employed.
2.EXPERIMENTAL
Composites of HiPco SWNTs (0.001%, 0.01%, 0.1% and 1% weight) and arc discharge SWNTs (0.001%, 0.01% and 1% weight) were mixed in 1g/Litre of PmPV in toluene. The composites were sonicated for 4 hours, left to stand for 48 hours. The supernatant was pipetted and thin films were prepared by drop casting onto glass slides. Raman spectra were obtained at excitation wavelengths of 514.5nm and 633nm. An absorption spectrum in the near-IR region of raw HiPco SWNTs and of raw Arc Discharge was obtained. Raw HiPco and Arc Discharge SWNT samples were also characterised using laser energies ranging from 1.96eV to 2.7eV, to determine the exact diameter distribution within our raw samples. Figure 1 shows an absorption spectrum in the near-IR region of both the raw HiPco SWNT and the raw Arc Discharge SWNT sample. This agrees with what has been reported previously for HiPco samples [5] , and is a good indication of the diameter range within our samples which was estimated to be 0.8nm-1.35nm. The Arc Discharge range was estimated to have a diameter range of 1.1nm to 1.6nm, although smaller diameters were observed using Raman spectroscopy in Figure 2 .
3.RESULTS AND DISCUSSION

Characterisation of raw HiPco and Arc Discharge Samples
In order to ascertain the diameter distribution within our HiPco SWNT samples and our Arc discharge SWNTs, multiple vibrational spectra were taken in the radial breathing mode (RBM) region at different excitation frequencies. Raman spectroscopy is an extremely powerful technique for probing the one-dimensional character of nanotubes [9] shows a histogram of the diameter distribution of HiPco SWNTs and the Arc Discharge SWNTs obtained using excitation energies ranging from 1.96eV to 2.7eV. The estimated diameter distribution of our HiPco sample was obtained by getting the FWHM of a gaussian fit and the bulk of tubes were found to be in the 0.8-1.29nm diameter range, with the most frequently occurring tube at 1.15nm. This is in agreement with what has been reported previously using TEM measurements [4] [5]. The same was calculated for our Arc Discharge sample and the bulk was found to be 0.85nm to 1.55nm diameter range, where the most frequently occurring tube was 1.2nm. Figure 3 (a) shows the vibrational spectra of the G-line, which was obtained at different loading fractions of the HiPco SWNT within the polymer composite. Curve A shows a spectrum of raw HiPco. The strong features between 1550cm -1 and 1630cm -1 may be assigned to the E 1g, E 2g and A 1g modes in carbon nanotubes with different diameters. In this frequency region, highly orientated pyrolitic graphite shows a peak around 1582cm -1 , which dominates the Raman spectrum at 633nm. Nanotubes show multiple splitting at this peak. This is due to the dispersion curve of the optical phonon at 1582 cm -1 where it splits into higher (longitudinal) and lower (transverse) energies due to the curvature of the tube, thus the allowed Raman lines appear as a series of doubly split peaks associated with the higher and lower energy bands of 1582cm -1 [9] .The splitting of these modes relates directly to the nanotube in question [10] . Thus for powder samples the features in this region appear broader than their composites due to the presence of a large distribution of nanotubes with different diameters. Also present is a weaker feature at around 1330 cm -1 called the D-Line, which has previously been attributed to the lowering of symmetry of the nanotube due to defects in the nanotube lattice [9] .
Vibrational analysis of HiPco SWNT and PmPV composites
Curve B in figure 3(a) shows the 1% HiPco composite. The dominant G-line feature lies at 1582 cm -1 . This peak has red shifted by 7cm -1 and is due to a change in the local environment [11] . The full width at half maximum of this band has decreased for the hybrid system. It also shows the presence of a new peak at 1620cm -1 and a doubly split peak at 1540cm -1 and 1554cm -1 . This shift of the G-line is analogous with that obtained for the Arc discharge composites [11] . Range of nanotube diameters /nm This is the first indication of interaction between the polymer and the HiPco SWNTs. The D-line also appears doubly split unlike the raw sample. Curve C shows the 0.1% HiPco composite, here the dominant peak lies at 1584cm -1 , and is not as broad as the raw sample, again due to the distribution of nanotubes within the hybrid sample.Curve D shows the 0.01% HiPco composite. Again the G-line occurs at 1589cm -1 . This peak is not as broad as the raw sample. The D-Line is also present but is highly symmetrical. Curve E shows the 0.001% sample and is similar to curve D except the D-line is no longer symmetrical.
Figure 3(b) shows the vibrational spectra of the radial breathing modes (RBM) of different loading fractions of HiPco SWNTs within polymer composites. In this mode all atoms undergo radial displacement and it has been established that there is a linear dependence of the radial breathing mode frequency on the inverse of the tube diameter [9] . Curve A shows the raw HiPco sample. There are three distinct features at 189cm -1 , 214cm -1 , and 253cm
. This shows that the dominant diameter present at an excitation frequency of 633nm is around 1nm, although a larger diameter of 1.2nm is also resonant. Curve B shows the 1% HiPco sample. Three dominant peaks are seen here at 196cm -1 and 218cm -1 and a more resonantly enhanced peak at 257cm -1 . Curve C shows the 0.1% HiPco composite. Here there is one dominant peak present at 216cm -1 and a less resonantly enhanced peak at 254cm -1 , although a shoulder does appear at 192cm -1 . Curve D shows the 0.01% HiPco composite. Here the three dominant peak are at the same relative intensity at 196cm -1 218cm -1 and 257cm -1 Curve E shows the 0.001% loading fraction. Here there is a new peak present at 179cm -1 , corresponding to a nanotube diameter of 1.25nm. linkage. In the 1550cm -1 -1600cm -1 region there are a number of modes that correspond to the ring stretching of the phenylene part of the polymer molecular unit. At higher nanotube mass fractions, the polymers spectral features are overshadowed by the presence of nanotubes. In the 0.1% sample, the two distinct polymer peaks have resolved into one broad peak, and the D-line is no longer present. Curve A shows the raw sample. Clearly present is the G-Line, which occurs at 1584cm -1 , also present is a broad shoulder at 1500cm -1 . The D-line occurs at 1328cm -1 . Curve B shows the 1% HiPco composite .The G-line shifted by 7cm -1 to 1591cm -1 and the D-Line is also shifted by 7cm -1 to 1335cm -1 . Also present in the 1% HiPco composite is a new peak at 1529cm -1 . Curve D shows the 0.001% loading fraction. Here the predominant peak occurs at 1600cm 1 with a shoulder at 1631cm -1 . A broad peak also occurs at 1310cm -1 , which is possibly due to the amalgamation of the two polymer peaks, which occur in this region. Also present at 0.001% is a broad peak at 1445cm -1 . This peak does not appear as dominant at any other loading fraction. From the g-line composite spectra it should be noted that as the nanotube mass fraction is increased from 0.1% to 1% the peaks at 1604cm -1 and 1631cm -1 undergo an apparent shift by 12cm -1 to lower frequencies. This would suggest that perhaps the solubility limits for HiPco tubes occur between 0.1% and 1% loading fractions. . These correspond to nanotube diameters of 1.2nm, 1.1nm and 0.7nm. Curve B shows the 1% HiPco composite . Also present here are five distinct features. The two dominant peaks have both upshifted by 3cm -1 to 249cm -1 and 264cm -1 , and are at the same relative intensity, unlike in the raw sample. Similar upshifting has been reported previously [7] . Peaks are also present at 189cm -1 and 209cm -1 , with the emergence of a new peak at 217cm -1 ,corresponding to a nanotube diameter of 1nm. This size selection has also been reported for Arc Discharge PmPV composites [7] . Curve C shows the 0.1% HiPco composite with the dominant peak occurring at 198cm -1 , which correspond to a nanotube diameter of 1.1nm. Also present is the peak at 217cm -1 which also occurs at the 1% loading A Raw Tubes fraction but is more pronounced at the 0.01% loading fraction. The third peak occurs at 1.82cm -1, which corresponds to a nanotube diameter of 1.2nm. The smaller diameter nanotubes do not appear to be present at 0.1% mass fraction. This marries well with the G-line data that suggest that the solubility limits of the composite occur between 0.1% and 1%. Figure 5 (a) and figure 5(b) shows vibrational spectra of Arc Discharge SWNT composites at laser excitation frequency of 633nm. Figure 3(a) shows the G-line region of various composites and figure 3(b) shows the radial breathing mode region of the various composites. Figure 3(a) contains five vibrational spectra at excitation frequency 633nm. Curve A shows a raw Arc Discharge spectrum with the G-line occurring at 1583cm -1 and a broad shoulder at 1545cm -1 . The D-line is also present and occurs at 1302cm . The relative intensity of the 1545cm -1 peak has increased in relation to the peak occurring at 1587cm -1 which now appears less dominant than in the raw sample. This intense peak at 1545cm -1 is unlikely to be just a contribution from the polymer, and this is shown later in figure 6(b) . It would suggest therefore that the nanotubes are soluble at a mass fraction greater than 1%. This is in agreement with reports published previously, which suggest the solubility limits for Arc Discharge nanotubes in PmPV composites are between 1%-2% mass fraction [11] . Curve C shows the 0.1% loading fraction. Both polymer peaks at 1281cm -1 , 1624cm -1 and 1315cm -1 are beginning to emerge. It is noted that the G-line region has broadened from 1541cm -1 to 1591cm -1 and both peaks are virtually at the same relative intensity. Curve D shows the 0.001% loading fraction of SWNT. Here the two dominant peaks are at 1599cm -1 and 1629cm -1 , which are distinctly an amalgamation of the four polymer peak in curve E. . Curve D is the 0.01% loading fraction of SWNTs. There are three peaks present. The most dominant peak occurs at 195cm -1 and at 169cm -1 with a feature now appearing 185cm -1 . This corresponds to a tube diameter of 1.2nm. Figure 6(a) shows the vibrational spectra at excitation frequency of 633nm for the G-line of various loading fractions of Arc Discharge SWNTs. Figure 6 (a) shows five curves A-D. Curve A shows the raw Arc Discharge sample, with the distinct g-line present at 1584cm -1 , and a shoulder present at 1560cm -1 . Curve B shows the 1% sample, the G-line has shifted 1592cm -1 due to the change in local envirnoment of the tubes [11] . This is similar to all G-line composite data presented. Curve C shows the 0.1% sample. Here there are three distinct peaks present at 1571cm -1 , at 1591cm -1 , and at 1627cm -1 . The emergence of this new peak is due to the presence of the polymer. Curve D shows the 0.001% Arc Discharge sample. This clearly resembles the pristine polymer curve E, where four distinct peaks are present, however they are down shifted by 8cm -1 . Due to the downshifting which occurs between the 1% sample and the raw sample , it would again suggest that the Arc Discharge are soluble at a mass fraction greater than 1%, similar to data obtained at 633nm for Arc Discharge tubes. , and the combined spectra appears doubly split.
Vibrational analysis of Arc Discharge SWNT composites.
Figure 6(b) shows the combined raw Arc Discharge sample with pristine PmPV, labelled curve A. Curve B in figure 6(b) shows the 0.1% loading fraction of the Arc Discharge composite. Again it is noted that the G-line shift is due to the combination of the PmPV and raw tube, although the D-line region shows some changes. Comparing both systems, introduction of nanotubes to the pristine polymer overshadows the polymer spectrum as the mass fraction of tubes is increased. From the G-line data obtained for HiPco SWNT composites, it would appear that the solubility limits of the tubes in the polymer occurs between 0.1% -1% mass fraction. From the Arc Discharge composite G-line data it would appear that the solubility limit occurs between 1%-10% mass fraction. Dalton et al have quoted 2%. This would suggest that Arc Discharge tubes are more soluble, but this is not necessarily the case as there are more tubes in a 1% mass fraction of HiPco composite than a 1% mass fraction of Arc Discharge composite. This is due to the fact that our Arc Discharge sample contains 30% impurities, and also the fraction of tubes in 1.2 range is larger as shown in figure 2 .
From the Radial breathing mode spectra obtained for the 0.01% HiPco SWNT composites at excitation wavelength of 633nm the predominant peak occurs with nanotube diameter of 1.15nm, at 514.5nm the dominant peak occurs at 1.1nm with a less dominant peak corresponding to a 1.2nm tube diameter. This is at the upper end of the diameter range for HiPco tubes as seen in the histogram in figure1. From the radial breathing mode spectra obtained for 0.01% Arc Discharge SWNTs composite at excitation wavelengths of 633nm the two predominant peaks correspond to 1.1nm and 1.3nm nanotube diameters. At 0.01% loading fraction the predominant tube diameters occur at 1.15nm and 1.2nm and 1.3nm. The range of tubes selected is 1nm-1.3nm with both tube type diameters at 1.2nm and 1.15nm being selected. This would suggest that the polymer has an affinity towards tubes of a certain diameter range and this has been loosely related to the pitch of the polymer [8] . Furthermore results suggest that there is no clear electronic interaction. As nanotubes with a diameter of 1.2nm and 1.15nm can be metallic or semiconducting. HiPco tubes are predominantly semiconducting, while Arc Discharge tubes contain metallic tubes. At 633nm the G-line shows a broad feature for Arc Discharge tubes and this has been related to metallic contributions [10] , suggesting that the polymer is not prejudice while selecting tube type.
